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A B S T R A C T
The human mind is equally fluent in thoughts that involve self-generated mental content as it is with information
in the immediate environment. Previous research has shown that neural systems linked to executive control (i.e.
the dorsolateral prefrontal cortex) are recruited when perceptual and self-generated thoughts are balanced in line
with the demands imposed by the external world. Contemporary theories (Smallwood and Schooler, 2015) as-
sume that differentiable processes are important for self-generated mental content than for its regulation. The
current study used functional magnetic resonance imaging in combination with multidimensional experience
sampling to address this possibility. We used a task with minimal demands to maximise our power at identifying
correlates of self-generated states. Principal component analysis showed consistent patterns of self-generated
thought when participants performed the task in either the lab or in the scanner (ICC ranged from 0.68 to
0.86). In a whole brain analyses we found that neural activity in the ventromedial prefrontal cortex (vMPFC)
increases when participants are engaged in experiences which emphasise episodic and socio-cognitive features.
Our study suggests that neural activity in the vMPFC is linked to patterns of ongoing thought, particularly those
with episodic or social features.
1. Introduction
Human cognition is not always tethered to events taking place in the
real world. Often, particularly when external demands are low (Giambra,
1995; Smallwood et al., 2003; Teasdale et al., 1993), we engage in
thoughts with few links to events in the "here-and-now", a phenomena
often studied under the umbrella term of mind-wandering (Smallwood
and Schooler, 2006, 2015). These patterns of self-generated thoughts
have links to both beneficial aspects of cognition, such as creativity
(Baird et al., 2012; Gable et al., 2019) and goal-planning (Medea et al.,
2018). Self-generated states also have links to detrimental aspects of
cognition such as affective disturbance (Poerio et al., 2013; Smallwood et
al, 2007) or lapses in attention (McVay and Kane, 2009; Smallwood et al.,
2008). Since self-generated thought has an important influence on
well-being (Mooneyham and Schooler, 2013), over the last decade un-
derstanding the neural mechanisms underlying different aspects of
ongoing thought has emerged as an important question in the field of
cognitive neuroscience (Christoff et al., 2016; Smallwood and Schooler,
2015).
Contemporary accounts of self-generated thought (Smallwood,
2013) hypothesise that the emergence of self-generated states depend
on both processes that support the representations on which the mental
content is based, as well as more general systems that are linked to
regulating the occurrence of these states. This enables the thoughts to
be maximally aligned to the current environmental demands
(Andrews-Hanna et al., 2014; Smallwood, 2013; Smallwood and
Andrews-Hanna, 2013). Consistent with this perspective Turnbull and
colleagues used a paradigm which alternated between a demanding and
non-demanding task context, a design which optimises the chance to
identify the neural systems involved in the contextual control of pat-
terns of ongoing thought (Turnbull et al., 2019a). This study used a
paradigm that switched between a simple choice reaction time with a
more difficult 1-back decision that relied on working memory, and this
routinely leads to reductions in off-task thought in the easy task
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(Smallwood et al, 2009). Turnbull and colleagues found a region of
dorsolateral prefrontal cortex was linked to the facilitation of on-task
thoughts during the more difficult working memory task, and the
expression of off-task thoughts when task demands reduced. This result
highlights that brain regions linked to executive control are recruited
when attention is regulated in line with contextual demands, however,
it does not directly contribute to our understanding of the processes
that differentiate between different types of experience.
In our prior study we found evidence that regions of lateral parietal
cortex were important for maintaining attention on the task in hand
(Turnbull et al., 2019a). Although this pattern demonstrates the neural
systems recruited during a focus on external goals, it leaves open which
systems support mental content that is self-generated. It is often
hypothesised that memory systems which play an important role in
self-generating mental content may be linked to episodic or mnemonic
features since these thoughts often have temporal and/or self-relevant
features (Smallwood and Schooler, 2015). Consistent with this perspec-
tive, individuals who are better at tasks relying on memory tend to report
more off-task thoughts (Poerio et al., 2017; Wang et al., 2019), while the
functional architecture/activity of neural regions linked to memorial
processes are predictive of individual differences in patterns of ongoing
thought (Ellamil et al., 2016; Ho et al., 2019; Smallwood et al., 2016).
Furthermore, studies of dementia/lesions that target regions that are
hypothesised to play a role in memorial or episodic processes impacts on
the ability to self-generate mental content, including the hippocampus
(McCormick et al., 2018), parahippocampus (O’Callaghan et al., 2019),
ventromedial prefrontal cortex (Bertossi et al., 2016), and the temporal
pole (Irish et al., 2012; Irish and Piguet, 2013).
It is possible that in our prior study (Turnbull et al., 2019a) we failed
to find evidence for neural systems linked to the expression of
self-generated thought in a whole brain search because our design was
optimised to identify how individuals regulate their experiences in line
with external demands, necessitating a within-participant manipulation
of task demands. In the current study, we assessed the neural basis
behind different types of experience in a similar sized sample of par-
ticipants as in our prior study (Turnbull et al., 2019a). Unlike our prior
study, we focused only on a single task with minimal attentional de-
mands and used a comparable number of experience sampling probes.
We hoped this would produce more sensitive estimates of both the
different patterns of ongoing thoughts that individuals focus on when
task demands are low, and that it would increase our chance of
detecting the involvement of regions implicated in self-generated
mental content. The task design is summarised in Fig. 1. In order to
provide an empirical constraint to our interpretation of the result, we
examined the functional properties of any clusters revealed by our
analysis by performing a formal meta-analysis using Neurosynth (Yar-
koni et al., 2011).
2. Methods
2.1. Participants
One hundred and seven participants took part in this study. Ninety-
one participants participated in a behavioural session (67 females;
mean age: 23.38 years, standard deviation: 4.53 years, age range: 19–40
years). Sixty-two participants participated in a scanning session (41 fe-
males; mean age: 23.29 years; standard deviation: 4.51 years, age range:
18–39 years). After excluding participants 57 remained for fMRI data
analysis (due to technical difficulties or excess movement). Forty-six
participants participated in both the behavioural and scanning session.
All participants had normal/corrected vision, and had no history of
psychiatric or neurological illness. All scanning participants were right
handed. This cohort was acquired from the undergraduate and post-
graduate student population at the University of York. The study was
approved by the local ethics committee at the York Neuroimaging Centre
and University of York Psychology Department. All volunteers provided
informed written consent and receivedmonetary compensation or course
credit for their participation.
2.2. Task paradigm
Participants were instructed to attend to the centre of the screen, they
viewed target and non-target stimuli to which they responded only to
target stimuli (mean stimulus presentation duration 1000 ms). A run of
the task was 13 minutes and contained eight instances of experience
sampling probes when participants answered one of each question (see
the next section for details of the experience sampling technique). A
question was presented for 4 s maximum on the screen based on the
average response time from previous studies, followed by a 500 ms fix-
ation cross. The rest of the time in a run was allocated to two kinds of
experimental trials: target and non-target. In target trials (“go trials”) a
green circle was randomly presented (20% of the experiment trials) and
participants were required to make a response -a single key or button
press was required. In non-target (“no-go”) trials a red octagon was
presented (80% of the experiment trials) and no behavioural response
was required. An experimental trial was fixed at 3000 ms. The inter-
stimulus-intervals (ISI) consisted of a fixation cross and was jittered
(1500–2500 ms). The stimulus was presented on screen for 500–1500 ms
until a response was made. Once a response was captured, a fixation cross
appeared on the screen for the remaining time. This task was designed to
require minimal cognitive demand since these conditions facilitate the
occurrence of self-generated thought at a level that is comparable to rest
(Smallwood et al., 2009). The task is presented schematically in Fig. 1. In
the scanner participants completed three runs of the task whereas in the
behavioural session they completed one run of the task. Written in-
structions were presented at the start of each run.
2.3. Multidimensional Experiential sampling (MDES)
Participant ongoing thought was measured using multidimensional
experience sampling (MDES). When a probe occurred participants were
asked how much their thoughts were focused on the task, followed by 12
randomly shuffled questions about their thoughts (Table 1). All questions
were rated on a scale of 1–10. Within one run of the Go/No-go task,
participants completed 8 sets of MDES probes yielding a total of 8 probes
per individual in the behavioural session and 24 probes per individual in
the scanning session. Two participants had one run dropped due to
technical issues, leaving them with 16 probes overall.
2.4. Procedure
In the behavioural session participants completed a single 13-min run
of the Go/No-go task with MDES. In the scanning session participants
completed three, 13-min functional runs of the Go/No-go task with
Fig. 1. Task paradigm used in this study. Participants were asked to respond to
infrequent green circles. At intermittent intervals we asked the individuals to
describe the contents of their experience using Multidimensional Experience
Sampling (MDES).
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MDES while undergoing fMRI. The scanner session took around 1 h and
15 min of which the scanning took ~45 min, this was separated into
three blocks.
2.5. fMRI acquisition
All MRI scanning was carried out at the York Neuroimaging Centre.
Structural and functional scans were acquired using a Siemens Prisma 3T
MRI Scanner with a 64-channel phased-array head coil. Structural data
were acquired using a T1-weighted (MPRAGE) whole-brain scan (TR ¼
2300 ms, TE ¼ 2.26 ms, flip angle ¼ 8, matrix size ¼ 256 x 256, 176
slices, voxel size ¼ 1 x 1 x 1 mm). Functional data were collected using a
gradient-echo EPI sequence with 54 bottom-up interleaved axial slices
(TR¼ 3000ms, TE¼ 30ms, flip-angle¼ 80, matrix size¼ 80 x 80, voxel
size ¼ 3 x 3 x 3 mm, 267 vol) covering the whole brain.
2.6. Data pre-processing
Five participants were excluded for incorrect number of volumes
being collected or excess movement (mean framewise displacement
(Power et al., 2014) > 0.3 mm and/or more than 15% of their data
affected by motion). Functional and structural data were pre-processed
and analysed using FMRIB’s Software Library (FSL, version 5.0.1, http
://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/). Individual T1-weighted struc-
tural images were extracted using BET (Brain Extraction Tool). Func-
tional data were pre-processed and analysed using the FMRI Expert
analysis Tool (FEAT). Individual participant analysis involved motion
correction using MCFLIRT and slice-timing correction using Fourier
space time-series phase-shifting. After co-registration to the structural
images, individual functional images were linearly registered to the
MNI-152 template using FMRIB’s Linear Image Registration Tool
(FLIRT). Registration from high resolution structural to standard space
was then further refined using FNIRT nonlinear registration. Functional
images were spatial smoothed using a Gaussian kernel of FWHM 6 mm,
underwent grand-mean intensity normalisation of the entire
four-dimensional dataset by a single multiplicative factor, and had high
pass temporal filtering (Gaussian-weighted least-squares straight line
fitting, with sigma ¼ 50s).
2.7. Principal component analysis
Analysis of theMDES data was carried out in SPSS (Version 25, 2019).
Principal component analysis (PCA) was applied to the scores from the 13
experience sampling questions comprising the probes for each partici-
pant in each testing environment (lab and scanner) separately. This was
applied at the trial level in the same manner as in our prior studies
(Konishi et al., 2017; Ruby et al., 2013a; Ruby et al., 2013b; Smallwood
et al., 2016; Turnbull et al., 2019b). Specifically, we concatenated the
responses of each participant for each trial into a single matrix and
employed a PCA with varimax rotation. We performed this analysis
separately for each session (behavioural and scanning) in order to
examine the similarity in the solutions produced across each situation.
2.8. fMRI analysis
Task-based analyses were carried out using FSL. A model was set up
including 6 explanatory variables (EVs) as follows: EVs 1 and 2 modelled
time periods in which participants responded to target and non-target
trials. EV 3 modelled activity 6s prior to each MDES probe. EVs 4, 5
and 6 modelled the 3 thought components, with a time period of 6s prior
to the MDES probes and the scores for the related task-component as a
parametric regressor. EVs were mean-centred within each run and no
thresholding was applied to the EVs. Standard and extended motion
parameters were included as confounds. This was convolved with a he-
modynamic response function using FSL’s gamma function. We chose to
use the same 6s interval as used in Turnbull et al., 2019b . Contrasts were
included to assess brain activity that related to each component of
thought during the 6s period prior to the probe. For thoughts, main ef-
fects (positively or negatively related to thoughts in both trials) were
included. The three runs were included in a fixed level analysis to
average across the activity threshold within an individual. Group level
analyses followed best practice (Eklund et al., 2016). Specifically we used
FLAME, as implemented by FSL, applied cluster-forming threshold of Z ¼
3.1, and corrected these at p < .05 (corrected for family-wise error rate
using random field theory). Brain figures were made using MRICroGL
(V2.1.49-0, 2019) and SurfIce (V2, 2019). Meta-analytic decoding used
Neurosynth (Yarkoni et al., 2011) to find terms most commonly associ-
ated with our neural maps in the literature. This platform collects and
synthesises results from many different research studies, and identifies
the terms associated most often with each region of the brain.
2.9. Data and code availability statement
Multidimensional Experience Sampling data is available upon request
from the authors via email. All unthresholded maps produced in these
analyses are freely available on NeuroVault. These can be found in the “A
role for ventromedial prefrontal cortex in self-generated episodic social
cognition” collection:
https://identifiers.org/neurovault.collection:6069.
The code for the Go/No-go task paradigm is freely available at:
https://vcs.ynic.york.ac.uk/hw1012/go_nogo_experience_sampling
/tree/master/.
Ethical approval conditions do not permit public sharing of raw data
as participants have not provided sufficient consent. Data and analysis
scripts can be accessed by contacting the Research Ethics and Governance
Committee for the York Neuroimaging Centre or the corresponding
author, Delali Konu. Data will be accessible upon request within accor-
dance with General Data Protection Regulation (GDPR).
3. Results
3.1. Behavioural results
In the scanning session 24 (8 MDES per run) probes were collected
with 1456 observations in total. In the behavioural session 8 probes were
collected with 728 observations in total. Table 2 presents the average
response to these questions in terms of means and standard deviations. A
principal component analysis was conducted on the 13 questions
comprising the MDES probes for each session, one for the behavioural
session, and one for the scanning session, both using varimax rotation.
This was done to describe the underlying structure of the participant
Table 1
Multidimensional experience sampling questions used to sample thoughts in the
current study.
Dimension Statement Scale_low Scale_high
Task My thoughts were focused on the task
I was performing:
Not at all Completely
Future My thoughts involved future events: Not at all Completely
Past My thoughts involved past events: Not at all Completely
Self My thoughts involved myself: Not at all Completely
Person My thoughts involved other people: Not at all Completely
Emotion The emotion of my thoughts was: Negative Positive
Modality My thoughts were in the form of: Images Words
Detail My thoughts were detailed and
specific:
Not at all Completely
Deliberate My thoughts were: Spontaneous Deliberate
Problem I was thinking about solutions to
problems (or goals):
Not at all Completely
Diverse My thoughts were: One topic Many
topics
Intrusive My thoughts were intrusive: Not at all Completely
Source My thoughts were linked to
information from:
Environment Memory
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responses about their thoughts in a compact low dimensional manner.
For the scanning session results revealed 3 components with eigenvalues
greater than 1, which was also suggested by the scree plot (Fig. 1, Sup-
plementaryMaterials). The components extracted accounted for a total of
47.41% of the variance (component 1¼ 20.47%, component 2¼ 15.33%
and component 3 ¼ 11.61%). The first component represents a dissoci-
ation between diverse episodic and social content and thoughts about the
tasks. The second component describes a focus on task relevant problem
solving, that is detailed and deliberate, and of positive emotional valence.
The third component represents thoughts that are intrusive, in the form
of words, related to the self, and negative in tone. These components are
presented as word clouds in Fig. 2. For the behavioural session a 3 factor
solution was also apparent in the scree plot (Fig. 1, Supplementary Ma-
terials). The PCA was run with a 3 factor selection variable; 44.82% of
variance being accounted for (component 1 ¼ 21.65%, component 2 ¼
14.06% and component 3 ¼ 9.10%). It is apparent in Fig. 2 that these
components identified show very similar patterns as were present in the
scanning session.
A proportion of our participants from the scanning session (n ¼ 46)
took part in both sessions of the study and we assessed the relationship
between the individual participant loadings on each component in the
behavioural lab and in the scanner. Only participants who completed
both scanning and behavioural sessions were included in this analysis.
Results showed strong clear positive associations between all three
components (Off-task episodic thought, r(46) ¼ 0.652, p < .001, two-
tailed, Intra Class Coefficient (ICC) ¼ 0.79, p < .001; Deliberate task
focus, r(46) ¼ 0.753, p < .001, ICC ¼ 0.860, p < .001; Intrusive verbal
self-relevant thought, r (46) ¼ 0.526, p < .001, ICC ¼ 0.68, p < .001).
Together these analyses show that the application of PCA to the MDES
data yields consistent dimensions of experience that are consistent across
individuals. These correlations are presented in the form of scatterplots
in Fig. 2.
3.2. Association between experience and neural activity
Our next analysis examined whether any of the patterns of thought
identified in our analyses are linked to reliable changes in neural activity.
We performed a multiple regression in which spatial maps describing the
associations between neural activity for each PCA for each of the 24
experience sampling probes for each individual were the dependent
measures. Following the recommendations we controlled for family wise
error using a cluster forming threshold of Z ¼ 3.1, p < .05 FEW (Eklund
et al., 2016). Results established that the ventromedial prefrontal cortex
(vMPFC) was significantly more activated as participants endorsed
increasingly off-task episodic social cognition experiences (PCA 1,
Fig. 3). We contextualized this result in the context of a whole brain by
overlaying this region with the set of large-scale networks from Yeo and
colleagues (Yeo et al., 2011). This determined that the vMPFC region fell
at the intersection of the default mode (green) and limbic networks
(blue). Finally, to embed this result in a functional context we decoded
this spatial map using Neurosynth and the resulting meta-analysis is
presented in the form of a word cloud. No significant whole-brain results
were found for either component 2 or 3 even at a lower threshold (Z ¼
2.3).
4. Discussion
Our study set out to determine neural regions that support patterns of
self-generated thought. Using a well powered experimental design we
recorded neural function using fMRI while participants performed a task
with low cognitive demands. We also recorded self-reported descriptions
of the individuals’ experience along multiple dimensions. We used these
data to identify regions whose activity was associated with reports of low
dimensional representations of the experience sampling data generated
by principal component analysis (broadly corresponding to “patterns of
thought”). Decomposing our experience sampling data gathered during
scanning, revealed three patterns: episodic social cognition, a state of
deliberate, detailed task-focus and a pattern of unpleasant verbal self-
relevant thoughts. We found a similar factor structure in a control
experiment conducted in the lab, as well as common loadings across
individuals, establishing the stability of our experience sampling mea-
sures. Our neuroimaging analysis identified that a pattern of episodic
social cognition was associated with enhanced neural activity within the
ventromedial prefrontal cortex (vMPFC). This study, therefore, estab-
lishes neural activity in the vMPFC is recruited during periods of self-
generated thought with episodic and social features.
Although our study establishes the vMPFC is recruited during com-
plex patterns of self-generated thoughts, our data does not specify which
precise aspect of ongoing thought this neurocognitive association re-
flects. The vMPFC plays an important role in a number of different as-
pects of cognition as can be seen in the meta-analysis of this region we
performed using Neurosynth (Yeo et al., 2011). This analysis highlighted
the terms “autobiographical memory” and “memory” as the functional
terms most commonly used to interpret activity in this area, but also
included aspects of social cognition (“self”, “person”, “theory of mind”)
and sensory features (“visual”, “auditory” and “multisensory”). Our data
shows that patterns of thoughts can also have heterogeneous features,
with the component linked to the vMPFC highlighting multiple features
including episodic qualities (“memory”, “future” and “past”) and
socio-cognitive features (“self and “person”). This dimension was also
linked to “diverse”, underlining that this pattern of thought has complex
features. The broad pattern captured by our decomposition of experience
sampling data, coupled with the complex functional landscape of the
vMPFC, makes it difficult to delineate the specific relationship between
activity in the ventromedial prefrontal cortex and patterns of ongoing
thought. However, there are a number of candidate accounts within the
literature that are worth considering. One line of work suggests that the
vMPFC plays a role in complex episodic or social processes, given a role
in autobiographical memory (Benoit et al., 2014), self/social cognition
(D’Argembeau et al., 2007; Kelley et al., 2002; Macrae et al., 2004) and
mental time travel (D’Argembeau, 2013). A role of vMPFC in episodic or
social cognitive processes could account for the prominence of temporal
and social terms in the associated pattern of thought. Other studies have
highlighted the role of the vMPFC in reward-based decision making (Lin
et al., 2016; Weilbacher and Gluth, 2017). It is possible, therefore, that
the observed association with activity in vMPFC indicates the hypoth-
esised motivational component to off-task thought (Seli et al., 2015).
Studies of affective disturbances also implicate the vMPFC (Oakes et al.,
2017) and a prior study demonstrated that this region contained infor-
mation regarding emotional features of both task-based and naturally
occurring emotional states, albeit ones that were related to memories
from the past (Tusche et al., 2014). Finally, it is possible that the vMPFC
plays a more general role in self-generated experiences perhaps facili-
tating their elaboration through a role in associate inferences based on
Table 2
Mean and standard deviations of each question type for each session.
Question
Behavioural session Scanning session
Mean SD Mean SD
Deliberate 5.04 2.66 4.90 2.65
Detail 5.52 2.52 5.45 2.66
Diverse 4.32 2.58 4.19 2.48
Emotion 6.12 1.91 6.39 2.09
Future 4.88 2.65 4.71 2.76
Intrusive 4.56 2.44 4.44 2.49
Modality 4.87 2.82 4.53 2.80
Past 4.29 2.43 4.06 2.45
Person 4.19 2.63 4.32 2.75
Problem 5.27 2.67 4.75 2.79
Self 5.37 2.69 5.77 2.77
Source 5.32 2.76 4.69 2.83
Task 6.22 2.52 6.34 2.57
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memory (Spalding et al., 2018). Clearly given the complex nature of
ongoing thought patterns, and the heterogeneous role of the vMPFC,
further work is needed to elucidate the functional significance of
ventromedial prefrontal activity during self-generated thought.
Finally, it is important to bear in mind that our study is correlational,
and this feature of our design limits the ability of our paradigm to address
causal relationships. In this context, lesion studies could be important for
profitably exploring the functional relationship between the vMPFC and
patterns of ongoing thought in a more precise manner (Bertossi et al.,
2016).
In conclusion, our study set out to identify the neural correlates of
patterns of self-generated mental contents that transcends the here-and-
now. We found that a pattern of ongoing thought that was most focused
on episodic social cognition rather than the external task was linked to
increased activity in a region of the ventromedial prefrontal cortex. Since
states of self-generated thought are linked to both beneficial and detri-
mental aspects of psychological functioning (Mooneyham and Schooler,
2013), our study highlights the ventromedial prefrontal cortex as rele-
vant to understanding the influences that self-generated experiences play
in well-being and happiness.
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